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Abstract

In recent years, the technology envelope that embraces critical fluids can involve a wide range of conditions, different types
of pure and modified fluids, as well as processing options involving extractions, fractionations or reactions. Technological
development drivers continue to be environmentally and consumer-benign processing and/or products, however in recent years
expansion of the use of sub- and supercritical fluids has been catalyzed by applications in such opportune fields as nutraceuticals,
conversion of biomass (bio-refining), and the ability to modify natural products by reactions. The use of critical fluid technology
is an important facet of any sustainable development program, particularly when utilized over a broad, interconnected
application platform. In this overview presentation, concepts and applications of critical fluids from the author’s research as well
as the literature will be cited to support the above trends. A totally ‘green’ processing platform appears to be viable using carbon
dioxide in the appropriate form, ethanol and water as intermediate co-solvents/reactants, and water from above its boiling point
to supercritical conditions. These fluids can be combined in overall coupled unit processes, such as combining transesterification
with hydrogenation, or glycerolysis of lipid moieties with supercritical fluid fractionation. Such fluids also can exploited
sequentially for bio-refining processes or the segregation of value-added products, but may require using coupled fluid or unit
operations to obtain the targeted product composition or purity. Changing the reduced temperatures and/or pressures of critical
fluids offers a plethora of opportunity, an excellent example being the relative critical fluid state of water. For example,
sub-critical water slightly above its boiling point provides a unique medium that mimics polar organic solvents, and has been
used even for the extraction of thermally labile solutes or reaction chemistry. 7o cite this article: J.W. King, C. R. Chimie 7
(2004).
© 2004 Académie des sciences. Published by Elsevier SAS. All rights reserved.

Résumé

Au cours des derniéres années, 1’enveloppe technologique qui englobe les fluides critiques a inclus une vaste gamme de
conditions, de types différents de fluides purs et modifiés, ainsi que d’options de traitement nécessitant des extractions, des
fractionnements ou des réactions. Le développement de cette technologie continue a s’appuyer sur des traitements et/ou des
produits qui n’affectent pas I’environnement et les consommateurs mais, au cours des dernieres années, 1’accroissement de
I’utilisation des fluides sous-critiques et supercritiques a été encouragé par des applications telles que les produits nutraceutiques,
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la conversion de la biomasse (bioraffinage) et la modification des produits naturels par réactions. L’utilisation de la technologie
des fluides critiques constitue un volet important de tout programme de développement durable, en particulier lorsqu’elle est
employée sur une vaste plate-forme d’applications interconnectées. Dans cette présentation d’ensemble, les concepts et les
applications des fluides critiques issues des recherches de 1’auteur aussi bien que de la bibliographie seront mentionnés pour
appuyer les orientations exposées ci-dessus. Une plate-forme de traitement entierement « verte » semble étre viable si1’on utilise
le dioxyde de carbone sous une forme appropriée, I’éthanol et I’eau comme co-solvants réactifs intermédiaires, et I’eau dans le
domaine compris entre le point d’ébullition et les conditions supercritiques. Ces fluides peuvent étre combinés dans des
processus unitaires couplés globalement, tels que la combinaison de la transestérification avec 1’hydrogénation, ou la glycérolyse
des groupes lipides caractéristiques avec le fractionnement des fluides supercritiques. De tels fluides peuvent aussi étre exploités
séquentiellement pour les processus de bioraffinage ou la ségrégation des produits a valeur ajoutée, mais ils peuvent nécessiter
I"utilisation de fluides couplés ou d’opérations unitaires pour obtenir la composition ou la pureté cible du produit. Le changement
des températures et/ou des pressions réduites des fluides critiques offre une profusion d’opportunités, dont un excellent exemple
est constitué par 1’état critique relatif de I’eau. Par exemple, 1’eau sous-critique fournit, légérement au-dessus de son point
d’ébullition, un milieu unique imitant celui des solvants organiques polaires, qui a méme été utilisé pour I’extraction des solutés
thermiquement labiles ou la chimie réactionnelle. Pour citer cet article : J.W. King, C. R. Chimie 7 (2004).

© 2004 Académie des sciences. Published by Elsevier SAS. All rights reserved.
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1. Introduction fluids are becoming more common, and can be coupled
with SFE to produce a customized end product or

Environmental acceptable manufacturing pro- fraction. Whereas the traditional first step in Fig. | was
cesses, including chemical synthesis, have been the usually extraction-based (i.e., the removal of caffeine

recent focus of a wave of new technology commonly
called ‘green chemistry and engineering’ [1]. Among
the technologies addressing this problem is supercriti-
cal fluid technology and its many variants, namely
supercritical fluid extraction (SFE), supercritical fluid
fractionation (SFF), supercritical fluid chromatogra-
phy (SFC) and supercritical fluid reactions (SFR). In
addition it is important to note that the nature of critical
fluid processing has also changed in the last 30 years.
No longer is supercritical fluid extraction (SFE) the
only method used for the isolation of specific compo-
nents from natural matrices. As shown in Fig. 1, frac-
tionation and reaction modes utilizing supercritical

from coffee to produce a decaffeinated product, or
isolation of a hops extract for flavoring), today’s pro-
cesses can utilize a supercritical fluid fractionation
(SFF) process, either initially or coupled with SFE, to
produce value-enhanced products. Recently, the recog-
nition that critical fluids offer a unique processing
media in which to conduct reactions [2] opens but yet
another option to the food and agro-product processor.
The application of supercritical fluids (SF) and
similar media for the processing of agricultural or
natural products has traditionally focused on the ex-
traction mode utilizing carbon dioxide in its supercriti-
cal (SC-CO,) or liquid (LCO,) state. Beginning in the
mid-1980s, options other than varying the extraction
fluid’s density in the SFE mode were developed, such

as columnar and chromatographic techniques, which
facilitated SF-derived extracts or products having more
SII=F SFR specific composition and properties. This development

SFE
l_l_|
(Extracts] (Products]

(Fractions] (Products) [Products) was followed by the advent of conducting reactions
SFR Sl'-‘F (SFR) in the presence of SFs as documented in the

literature [3,4]. Further examination of alternative

fluids, such as subcritical water have expanded the
Fig. 1. Process sequences utilizing supercritical fluid media for iso- ‘natural’ fluid base available to the processor of
lating or synthesizing desired end products. agriculturally- derived products. Therefore it should be
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possible to process natural product matrices utilizing a
series of pressurized fluids such as suggested by the
sequence below:

SC-CO, or LCO,
1
SC-CO,/ethanol or H,0
!
pressurized H,O or H,O/ethanol

The above sequence suggests that some degree of
selective solvation should be possible, with SC-CO, or
LCO, extracting non-polar solutes followed by the
enhanced solubilization of more polar moieties via the
addition of ethanol to the SF. Processing with pressur-
ized water, i.e., subcritical H,O (sub-H,O) expands the
range of extractable solutes into the polar solute range
with selectivity being controlled by the temperature of
extraction or addition of ethanol. Depending on the
composition or morphology of the natural product be-
ing extracted, there is no reason in theory or practice
that the above process could not be done in the reverse
order. When these fluid media are combined with the
processing options mentioned previously, a powerful
array of possibilities result that can be used for enrich-
ing higher value chemicals/phytonutrients from natu-
ral product substrates. This combination of process
options and environmentally benign fluids has been
previously noted by King et al. [5].

The review describes how supercritical fluid pro-
cessing can be applied to great advantage in the con-
version of seed-derived oils to useful industrial chemi-
cals. A major topic is the utilization of enzymes for
converting oils to useful derivatives. We have also
found in certain instances that high pressure CO, can
act as a catalytic agent, thereby avoiding the use of
heterogeneous catalysts that must be removed from the
product mixture after completion of a reaction. Enrich-
ment of specific components in a product mixture can
also be affected by SFF, and we have applied a thermal
gradient column to enrich the monoglyceride content
of a synthetic glyceride mixture. SFC and SFF tech-
niques can also be employed to enrich target nutraceu-
tical moieties from complex natural product matrices.

2. Fractionation with critical fluids

Prior to the mid-1980s, critical fluid-processed
products were largely derived using SFE; either by

selecting a given fluid density that would yield the
desired product, altering the extraction fluid density as
a function of processing time, or in some cases selec-
tively decreasing the pressure after the extraction stage
to achieve the desired extract. Useful separations have
been attained using the above techniques [6], but
largely between compounds differing significant in
their physicochemical properties, e.g., molecular
weight, vapor pressure, polarity.

Recently, fractionation processes utilizing critical
fluid media has been improved by combining prin-
ciples utilized in supercritical extraction with other
separation techniques. These improved methods often
make use of fractionating columns or chromatography
to yield improvements in the resolution of molecular
species. The fractionating column or tower approach is
somewhat analogous to operating a distillation col-
umn, but there are differences when using critical fluid
media. For an understanding of the fundamentals in-
volved in using this technique, one should consult the
books by Clifford [7] and Brunner [8].

Fig. 2 illustrates the components and principles in-
volved in fractionating using a very simple column. In
this case, SC-CO, is brought to the desired pressure
and then directed to flow upward inside the fractionat-
ing column, which usually contains a packing to en-

Heated
.- Micrometering
b

Bottom Discharge

Fig. 2. Schematic of the packed column thermal gradient fractiona-
tion system.
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courage contact between the SC-CO, and the compo-
nents being separated. The components to be separated
are injected with a pump into the flowing SC-CO,,
prior to its entry into the column. This fluid-solute
mixture than enters the first heated zone in the vertical
fractionating column and the separation process is ini-
tiated. The SC-CO,—solute mixture than ascends the
column, usually encountering zones of increasing tem-
perature, which facilitate the separation of solutes
based on their relative solubilities in SC-CO, and their
respective vapor pressures. In effect, the column is
operating under a density gradient since the fluid is
kept isobaric. The described fractionating column can
be operated in either the batch or semi-continuous
mode with co-current flow of the solute and supercriti-
cal fluid streams. Using this approach, we and others
have demonstrated the enrichment of monoglycerides
from a concentration of 45 weight% in a mixed glyc-
eride starting material to a 95 weight% content in the
extract taken off the top of the column [9].

The use of a packed tower fractionation scheme
does not necessarily require prohibitively high pro-
cessing pressures to obtain significant enrichment of
the monoglyceride component in these feed mixtures.
Enrichment of the monoglyceride (MG) component
relative to the diglyceride (DG) and triacylglyceride
(TG) components can be achieved at pressures as low
as 17.5 MPa. Yield of the top product from the fraction-
ating tower is approximately linear with respect to
pressure. In these experiments [9], a packed 56 cm
long column (1.43 cm in diameter) was used at pres-
sures between 20-35 MPa, incorporating a thermal
gradient ranging from 65-95 °C (see Fig. 2) to enrich
the MGs in reaction mixtures containing mixed glyc-
eride species (i.e., glycerolysis products). Fractionat-
ing efficiency is an acute function of glyceride
throughput and pressure, the optimal fractionation oc-
curring at lower pressures (17.5 MPa).

This indicates that there is a tradeoff between sepa-
ration efficiency and product yield as is so often the
case in separation technology [10]. Interestingly, sig-
nificant MG enrichment can be achieved by using an
isothermal column temperature (90 °C), which indi-
cates the role that solute vapor pressure plays in
achieving the reported fractionation. However, maxi-
mum top product yields were achieved at an isothermal
column temperature of 65 °C, indicating also the im-
portance of CO, density on the fractionation process.

The achieved MG, DG and TG separation factors ap-
pear to be independent of CO, flow rates from
2-12 1 min~' (decompressed), while top product yield
per kilogram of CO, was found to decrease as the
expanded CO, flow rate increased.

Similarly, in recent studies designed to achieve an
enriched nutraceutical-rich extract [11], contaminant
free fatty acids were removed from vegetable oil de-
odorizer distillates to enrich the free sterols and steryl
ester content of the raffinate as shown in Table 1. Note
that for both rice bran and soybean oils, the starting
material (the feed into the column) contained between
32-38 weight% free fatty acid and 13-18 weight%
sterols, while the raffinate collected after the fraction-
ation, had a free fatty acid content of between
5-8 weight% and sterol-steryl ester enrichments of
27-34 weight%. These results could undoubtedly be
improved upon by employing an even longer fraction-
ating column or by operating in the countercurrent
mode as demonstrated by investigators in Germany
[12] and Italy [13].

Another SFF option is to employ chromatography
in the preparative or production mode, in its own right,
or coupled with a preliminary SFE enrichment stage.
Our research has shown that it is possible to enrich
target compounds (e.g., tocopherols) to levels that
were not possible by using SFE alone. Fig. 3 illustrates
the principle involved in this form of fractionation

Table 1
Raffinate compositions (weight%) from fractionation tower separa-
tion of vegetable oil deodorizer distillates (DD) using SC-CO,

Component Rice Bran DD Soybean DD
Free fatty acids (FFA) 5 8

Sterols 20 31

Steryl esters (StE) 7 3
Triglycerides (TG) 38 30

Soybean Flakes

!

SC-CO; Extraction BN Extract EEp SC-CO;

. (tocopherols Chromatography
& oil)
Qil-laden Flakes "
Tocopherol-Enriched
‘ Fractions

SC-CO; Extraction (DRT) WP  Extract

. (remaining oil
& tocopherols)

Exhausted OQil-cake

Fig. 3. Process for the enrichment of tocopherols by SFE/SFC.
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when using SC-CO,, both with and without an organic
cosolvent, in either the SFE or supercritical fluid chro-
matography (SFC) stages. Here a preliminary opti-
mized SFE step is utilized to achieve the best possible
enrichment of solutes prior to introduction of the ex-
tract to the chromatographic column. Then, using inex-
pensive commodity adsorbents whenever possible, the
extract from the extraction stage is diverted onto the
top of the chromatographic column, where it is further
fractionated using either neat SC-CO,, or SC-CO,
with ethanol and water as eluents.

Using this approach, we have been able to enrich
moieties such as tocopherols, phospholipids, or steryl
esters from vegetable oils, seeds, and by-products of
the milling or vegetable oil refining processes. In a
previously reported study King et al. [14] have shown
that by careful control of SFE parameters it is possible
to produce an enrichment of tocopherol components in
soybean oil extract. This is achieved due to the differ-
ential extraction rates of tocopherols relative to the
triglycerides in the oil at 25 MPa and 80 °C, which
produces enrichment factors relative to their concen-
tration in soybean ranging from 1.8—4.3. To provide
further enrichment, these researchers employed pre-
parative scale supercritical fluid chromatography
(SFC) on the extracts from the SFE stage using a
commodity silica gel. After screening assorted of ex-
traction conditions, further SFC enrichment was af-
fected by conducting SFC at 25 MPa and 40 °C. After
SFC was performed, enrichment factors rose from
2.5 to 31 depending on the individual tocopherol.

Fig. 4 is for the specific case for the separation,
enrichment, and fractionation of phospholipids (PLs)
from vegetable oil or seeds [15]. Here soybean flakes
are initially extracted with SC-CO, to remove the oil
from flakes, followed by extraction of the PLs from the

Soybean Flakes

1

SC-CO, Extraction W  Extract

l (oil)

Defatted Soybean Flakes

1

SC-CO2/EtOHExtraction W PPL-enriched WEp SC-CO2/EtOH/H20
'v fraction Chromatography

Exhausted Oil-cake
Pure Phospholipid

Fig. 4. Process for the enrichment of phospholipids by SFE/SFC.

de-oiled flakes with a SC-CO,/ethanol mixture. The
second extraction step produces an extract enriched in
PLs since PLs are not appreciably soluble in neat
SC-CO,, but can be selectively removed from the flake
matrix with the aid of ethanol as a cosolvent. As shown
in Table 2, the second SFE using SC-CO,/ethanol
produces an extract containing a total of 43.7% by
weight of PLs. This is a considerable enrichment rela-
tive to the concentration of the PLs in the starting oil or
seed matrix. Further PL enrichment is facilitated as
noted above, by transferring this extract enriched in
PLs to an alumina preparative SFC column, where
SC-CO, modified with a 5-30 vol.%, 9:1 ethanol:wa-
ter eluent is used to elute and fractionate the PLs. In the
case of the SFC enrichment step, eluent fractions can
be collected as a function of time and their PL content
quantitated. As indicated by the data given in Table 2,
collection of discrete fractions during the SFC process
can produce purities in excess of 75% for the indi-
vidual PLs, phosphatidylcholine and phosphatidyle-
thanolamine. It should be noted in the described pro-
cess, that in the SFC steps, that only GRAS (Generally
Regarded As Safe) solvents are being used for the
enrichment process.

Recently, a similar SFE/SFC process has been used
to isolate sterols and phytosterol esters from agricul-
tural by-products such as corn bran and fiber [16]. For
example, by using both SFE and SFC, it has been
possible to isolate a fraction containing up to 53% by
weight of a cholesterol-lowering agent, ferulate phy-
tosterol esters (FPE), from corn fiber oil. Sterols and
steryl esters can also be produced by SFE/SFC from a
similar substrate, corn bran. The enrichment of these
types of nutraceutically-active compounds with natu-
ral agents such as CO,, ethanol, or water, creates an
attractive additive system for producing a unique func-
tional food composition as well as demonstrating the
potential of SFF.

Table 2
Percentage amounts of PLs in extracts derived from SFE and SFC
processing stages*®

Phospholipid type SFE Stage SFC Stage
Phosphatidylethanolamine 16.1 74.9
Phosphatidylinositol 9.2 20.8
Phosphatidic acid 2.8 55.8
Phosphatidylcholine 15.6 76.8

" Relative to other eluting constituents (oil and unidentified peaks).
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3. Applied reaction chemistry in critical fluids

There is a historical precedent for conducting spe-
cific reactions under supercritical conditions, such as
the polymerization of ethylene or isomerization of
olefins. In these reactions, it is often just the applica-
tion of pressure as a thermodynamic variable that per-
mits the reaction equilibria to be shifted, yielding the
desired end products. However since the early 1990s,
there has been an increasing awareness that by con-
ducting reactions in critical fluid media, one can con-
trol not only the equilibrium position of a reaction, but
the product distribution and end properties (i.e., color
or morphology).

For example, mass transfer rates of reactants and
products are substantially improved in supercritical
fluids, resulting in transport properties (i.e., diffusion
coefficients) and numbers that are more attractive rela-
tive to those found in the liquid state. Alteration of the
density of the fluid also allows subtle control for the
reactant or product solubility in the dense transport
media and control of the product distribution. It is also
possible in some specific cases to conduct reactions at
low temperatures in a non-oxidative environment
(CO,), thereby protecting compounds that would be
altered in more severe thermal environments. Reaction
catalysts can also be regenerated with the aid of super-
critical fluids (6) after completion of a SFR.

Two types of reactions that we have studied and
have implications in the oleochemical industry are
enzymatic-catalyzed and hydrogenation reactions. The
coupling of enzyme catalysis with critical fluids as
CO, is particularly attractive, since both are ‘natural’
agents, allowing lipid food components to be manufac-
tured without introducing a solvent or catalyst residues
into the final product. In some cases, SC-CO, can act
as a reactant in a process or alternatively as a catalyst.
An example of the latter case is the effect of SC-CO,
on conversion of vegetable oils to yield mixed glycer-
ide compositions enriched in monoglyceride content.
Temelli et al. [17] have shown that by subjecting a
glycerolysis reaction to a pressure of 21 MPa at 250 °C
that mixtures of mono-, di- and triglycerides, equiva-
lent to those obtained using alkali metal catalysts, can
be synthesized. However absence of the metal catalysts
in the SC-CO,-initiated process eliminates the trouble-
some filtration step associated with the currently used
industrial processes. Further, the produced mixed glyc-

Table 3

Weight percent composition of glycerolysis products obtained from
different vegetable oils during glycerolysis in the presence of SC-
CO,

Oil type Mono- Diglycerides Triglycerides Fatty
glycerides acids
Soybean 49.2 26.6 10.1 14.0
Peanut 46.6 32.1 12.5 8.8
Cottonseed 41.1 35.0 12.6 11.3
Corn 45.6 32.3 13.0 9.2
Canola 41.7 33.0 16.0 9.3

Conditions: 250 °C, 20.7 MPa, glycerol/oil ratio = 25,4%, water
addition, time =4 h.

eride compositions are much lighter in color then those
synthesized using metal catalysts. These end products
represent the lower cost products for the glyceride-
based emulsifier market.

Table 3 shows the synthesis of monoglyceride-
containing mixtures from several commodity veg-
etable oils employing the above reaction conditions.
The monoglyceride component ranges from 49.2 wt%
for the glycerides derived from glycerolysis of soybean
oil to 41.1 wt% in the case of cottonseed oil. These
results were attained at a reaction temperature of
250 °C, a reactor pressure of 20.7 MPa, using a
glycerol-to-oil ratio of 25 and the addition of 4% water
to the stirred autoclave. Such results suggest that SC-
CO, has an autocatalytic effect on the glycerolysis.

The above transformations can be conducted in the
presence of a lipase, but particular attention must be
paid to the temperature, pressure, and presence of
water in the supercritical fluid system. Reactions of
this type can be conducted in either batch or flow
systems, the latter being attractive for the continual
production of the desired product. Of particular note is
the use of Novozym 435, a lipase derived from C. ant-
arctica, as a catalyst supported on a polyacrylate resin.
This enzyme has proven particularly effective catalyst
in the presence of SC-CO,, although the need for more
pressure- and temperature-resistant lipases would be a
welcomed addition for use with critical fluid media.

An example that parallels the above-cited glycer-
olysis reaction and demonstrates the versatility offered
by using enzymatic catalysis in the presence of flowing
SC-CO, is the glycerolysis of soybean oil with No-
vozym 435. The described process has been patented
[18], but details are available in a related publication
[19]. To initiate the glycerolysis in SC-CO,, the veg-
etable oil is fed into the SC-CO, by a pump, where it is
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Table 4
Effect of water content of glycerol (weight%) on the product distri-
bution from soybean oil glycerolysis using SC-CO,*

Components 0.7% H,0" 4.2% H,0"
Free fatty acids N.D. 1
Monoglycerides 84.0 67.0
Diglycerides 15.4 28.9
Triglycerides 0.6 3.1

N.D. = not detected.

 Conditions: corn oil oil and glycerol flows 10 pl min™', 70 °C,
27.6 MPa.

® Product distributions in weight%.

dissolved in the compressed fluid along with an excess
of glycerol containing a small quantity of water. This
mixture is then passed over the Novozym 435 sup-
ported enzyme bed in the reactor vessel, where total or
partial glycerolysis takes place to yield glyceride mix-
tures. The overall yield and composition of the result-
ant glyceride mixture is dependent on a number of
adjustable variables, such as flow rate of reactants or
water content of the glycerol. As shown in Table 4, one
can change the glyceride product distribution obtained
from the reaction, by varying the water content of the
reactants. Table 4 indicates that by using a relatively
low water content, a glyceride mixture having a high
monoglyceride content (84%) can be obtained, how-
ever by increasing the water content in the glycerol
reactant solution to 4.2% the monoglyceride content in
the final product can be reduced to 67% by weight. The
resultant glyceride mixtures also tend to be much paler
in color when using the SC-CO,-based synthesis
method, a fact confirmed in a related study involving
glyceride synthesis in the batch mode [17].

Initial screening studies conducted on the Isco SFX-
2-10 extractor system indicated that corn, cottonseed,
olive and soybean oils underwent glycerolysis readily
at pressures between 20.7-34.5 MPa and temperatures
of 40-70 °C. These conditions were optimized for soy-
bean oil at 27.6 MPa and 70 °C. It is important when
utilizing a lipase during a glycerolysis reaction that the
water level in the reactor be controlled and the moisture
level in the reactants be assessed. Karl Fischer titration
on the Novozym 435 preparation revealed a 1.4 w/w%
moisture level, while the moisture level on different lots
of glycerol employed in the glycerolysis experiments
ranged between 0.7-4.2 wt%. Disadvantages of having
a high water level in the reactor are twofold: excessive
moisture inhibits the activity of the enzyme (i.e., the
glycerol containing 4.2 w/w% reduced the enzyme’s

activity to only 60% of the activity exhibited in the
presence of 0.7 w/w% water), and in addition, the
presence of water promotes the competitive reaction of
hydrolysis, thereby facilitating the formation of fatty
acids. A kinetic time lag in the reaction may also be
exhibited until the enzyme’s water content is partially
removed by the flowing SC-CO, [19].

The reaction of soybean oil with various alcohols
was also compared in this study and found to parallel
the solubility of the alcohols in SC-CO,. Curiously, it
was found that the reaction with alcohols such as
1,2-propanediol and glycerol occurred, despite feed
rates of these alcohols and soybean oil that exceeded
their solubility in CO,. This suggests that a multi-
phase system is present in the fluid phase that is not
inhibitory with respect to conducting the glycerolysis.
Similar results were also obtained in reacting soybean
oil with ethylene glycol, but the presence of ethylene
glycol also tended to denature the enzyme. The relative
activity of Novozym 435 towards alcoholic reactants
was 100, 90.6, 53.4, and 2.2 for reactants methanol,
1,2 propanediol, ethylene glycol, glycerol, respec-
tively.

Along a similar theme, Jackson et al [20] demon-
strated that the above lipase could also effectively
randomize vegetable oils to yield potential products for
incorporation into margarine formulations. The degree
of randomization attained on the vegetable oils dis-
solved in SC-CO, was a function of extraction/reaction
pressure, the flow rate of the SC-CO,, and the quantity
of enzyme utilized. Dropping point and solid fat index
(SFI) data of the products randomized in SC-CO, were
compared to oils randomized by conventional methods
and the agreement between these two differently syn-
thesized products was encouraging. As shown in
Fig. 5, randomized palm olein (PO) and genetic-
engineering soybean oil, randomized in SC-CO,
(HS-1), had similar SFI as a function of temperature to
hydrogenated blends of vegetable oils. It was further
found that the fat dropping point was dependent on the
catalyst concentration, yielding an inverse dependence
on the throughput of the dissolved oil across the sup-
ported lipase bed. High performance liquid chromato-
graphic (HPLC) analysis of the randomized and initial
oils showed only small changes in the tri-unsaturated,
di-unsaturated, di-saturated, and tri-saturated glycer-
ide species.

As shown in Fig. 6, there is a change in relative
composition of the glyceride components for palm



654 J.W. King / C. R. Chimie 7 (2004) 647-659

25

} = Native Palm Olein
b 201 4 Hydrogenated Blends
@ * Native HS-1
e © Randomized HS-1
o 154 O Randomized PO
(]
& 10
=
B 5y

o I g .
10 20 30 40

Temperature (°C)

Fig. 5. Solid fat content of palm olein (PO) and HS-1 soybean oil
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Fig. 6. RP-HPLC of palm olein fraction before and after randomi-
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Fig. 7. RP-HPLC of high stearate soybean oil before and after
randomization.

olein, particularly in the increase of the LOP, SOO and
POO triglycerides in randomized palm olein, relative
to the levels found in palm olein. Fig. 7 compares the
HPLC profiles for the high stearate soybean oil with
the randomized product after passage through the li-

pase reactor bed. Again, there are subtle changes in the
triglyceride composition that have a considerable im-
pact on the physical properties of the oil before and
after interesterification. Both of the above oils show
losses in the di-saturated glyceride along with a con-
comitant increase in tri-and di-unsaturated triglycer-
ides. The loss of disaturate functionality has been
shown to aid in fat crystallization [21]. This nicely
illustrates how a customized oleochemical-derived
product can be synthesized using a reaction conducted
in supercritical fluid media.

Research by Jackson and King [22] has demon-
strated that vegetable oils could be readily converted to
their methyl esters after SFE of the seed moiety via
transesterification over the supported Novozym SP
435 catalyst in the presence of flowing SC-CO, contain-
ing dissolved methanol. The synthesized methyl esters
were identical in composition to those obtained by
alkali metal-initiated methanolysis. Again the advan-
tage of the supercritical fluid synthesis becomes
apparent since it eliminates catalyst filtration after
completion of the reaction. The highly reproducible
quantitative conversion of soybean and corn oils to their
methyl esters via the enzymatic-catalyzed reaction in
flowing SC-CO, has also found uses in analytical chem-
istry [23]. Typical conditions for the methanolysis of
soybean oil are a level of 0.1 volume percent of water in
SC-CO, at 24 MPa and 50 °C which proves sufficient to
facilitate the reaction, yet prevent denaturization of the
enzyme; however it should be noted that additional
water can prove inhibitory to facilitating esterifications
or transesterifications in the presence of SC-CO,.

Simple esters such as propyl laurate can also be
made in less than 25 minutes at nearly 100% yield
using Novozym SP 435. Recently, the production of
sterol esters has been accomplished using Chirazyme
L-1 with SC-CO,. As illustrated in Fig. 8, fatty acids of
various chain lengths can be reacted with sterols in the
presence of SC-CO,. Ester yields were consistently
above 90% for C¢—C, saturated fatty acids reacting
with the sterols at 27.6 MPa and 50 °C. Of particular
interest were the > 98% yields achieved for the C, 4 and
C, ¢ sitostanol esters which can be utilized in functional
food margarine formulations to lower cholesterol lev-
els in humans.

Hydrogenation in supercritical fluid media has at-
tracted considerable interest, based to a large extent, on
the superior mass transfer characteristics achieved
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Table 5

Properties of potential vegetable oil-derived margarine/shortening using hydrogen/carbon dioxide mixtures during hydrogenation

Oil property Margarine basestock (D.P. 32-39 °C) Shortening basestock (D.P. 45-52 °C)
Conventional Experimental Conventional Experimental

% Stearic acid 6-9 7-11 11-13 13-24

% Trans 11-30 1-3 15-20 3-8

1V value 90-110 108-114 85-90 88-102

100
98
96
94
92+
90T
88+
86+

@ Cholesterol
W Sitostanol

% sterol ester

| a5 |2
C8:0 C10:0 Ci12:0 Cl6:0 C18:0
Fatty acid

Fig. 8. Product yields for fatty acids reacting with cholesterol and
sitostanol using Chiarzyme L-1 as a catalyst.

when using hydrogen mixed with SC-CO,. Due to
several factors, contact of the dissolved hydrogen with
catalyst and substrates is facilitated in both flow and
batch reactor systems using a H,/SC-CO, mixture.
Recent studies by Harrod and colleagues [24] and
others [25] have demonstrated the increased hydroge-
nation rates are possible when synthesizing fatty alco-
hols from fatty acid methyl ester substrates, as well as
for the hydrogenation of vegetable oils.

Recently we have conducted experiments in batch
reactor systems at slightly elevated pressure (up to
13.8 MPa) in which hydrogen is admixed with carbon
dioxide in a vessel containing a Ni commercial catalyst
and soybean oil. Using mixtures of H, and CO, at
equal pressures and temperatures between 120-—
140 °C, a variety of hydrogenated oils can be produced
that have varying iodine values (IV), % trans fatty acid
and SFL It is particularly interesting to note that the
SFI are relatively invariant with respect to temperature
and can be adjusted by varying the ratio of H, to CO,
pressure. It is possible using this technology to produce
equivalent or better-hydrogenated oil base stocks for
use in margarine or shortenings, relative to those ob-
tained using conventional technology. As shown in
Table 5, oils with lower trans fatty acids are possible
using the above technique, relative to an equivalent
commercial product of like IV value, produced by
conventional hydrogenation. Thus potential useful

margarine and shortening basestocks can be produced
by this method having the dropping point (DP) charac-
teristics stated in Table 6.

4. Sub-critical and pressurized water processing

The success in applying both SC-CO, and liquid
CO, (L-CO,) as benign solvents for the extraction of
naturally derived products has catalyzed the search for
additional extraction media that can be used in food or
nutraceutical processing. Over the past five years, sub-
critical water, that is H,O held in its hot pressurized
liquid state above its normal boiling point, has been
used as reported by Hawthorne and colleagues [26].
Initially, one may question the use of this hot medium
to extract biological or organic materials, due to con-
cerns of its reactivity, resulting in the subsequent deg-
radation of solutes under elevated temperatures (note
that this is not the technique of supercritical water
oxidation which is usually conducted above the critical
temperature of water, 375 °C, for the expressed pur-
pose of degrading organic wastes, etc.). However, re-
cently this medium has been applied successfully, over
arestricted temperature range, to the extraction of food
materials and natural products.

The solvent power of subcritical water is largely
varied by changing temperature and applying enough
Table 6

Comparison of dropping points of various fats and oils before and
after randomization in flowing supercritical carbon dioxide

Sample Initial dropping Final dropping
point (°C) point (°C)
RBD soybean Oil* 0.9 10.7
HS-1 soybean oil® 18.3 27.6
A-6,3 soybean oil 20.5 30.4
Palm olein 21.7 37.7
Cocoa butter 32.0 41.6
Tallow 41.3 38.8
20% tristearin/80% SBO  60.4 37.1

# Refined, bleached, deodorized soybean oil.
® High stearate soybean oil.
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Fig. 9. Dielectric constant of water versus temperature up to its
critical temperature.

external pressure to eliminate vaporizing the water
when used above its normal boiling point. Hence, by
varying the temperature of water over a range of
25-250 °C (see Fig. 9), its dielectric constant can be
changed from 78 to less than 30, thereby attaining
solvent polarities normally associated with polar or-
ganic solvents. Thus in theory, subcritical water is a
perfect compliment to SC-CO, for processing natural
products, thereby avoiding the use of organic solvents
such as ethanol. The potential reactivity of solutes un-
der subcritical water conditions, i.e., conditions slightly
above the boiling point of water, suggests that tempera-
tures between 100-175 °C are optimal for most food
and natural product applications. Degradation of ther-
mally labile solutes, such as anthocyanins from fruit
berries can be minimized by optimizing extraction ki-
netics to minimize the transient time of such solutes in
the extraction stage [27]. It should be noted however,
that certain hydrolysis reactions can be conducted in
subcritical water [28], and that the generation of flavor
precursors under conditions akin to those obtained in
aqueous-based cooking processes is also possible.

As opposed to some of the more optimal conditions
for conducting SC-CO, extraction, subcritical water
extraction does not require drying of the substrate
before the extraction step, and can be optimized to
avoid the extraction of waxes and other lipid material
from plant matter. Clifford et al. [29] have shown the
utility of subcritical water as an extraction medium for
the removal of oxygenated compounds from rosemary,
clove buds, and the deterpenation of lemon oil. As
shown in Table 7, the yields of various components in
milligrams from a 4-g sample of rosemary, are better
using pressurized hot water extraction at 150 °C, than

Table 7
Comparison of yields from rosemary extraction by steam distillation
and subcritical water extraction at 150 °C*

Compound Steam Subcritical water
distillation extraction
a-Pinene 10.9 4.0
Camphene 2.0 1.5
Limonene 1.4 1.3
1,8-Cineole 2.7 53
Camphor 34 6.4
Borneol 2.1 35
Verbenone 5.0 6.3
Isobornyl acetate 1.0 1.5
Unidentified sesquiterpene 0.7 0.01
Total 50.7 54.2

" Yields in mg per 4 g of sample.

by applying steam distillation. Other factors, such as
the selectivity for oxygenated solutes over monoterpe-
nes and the higher heat recovery versus steam distilla-
tion, make subcritical H,O an attractive processing
technique. Recently, countercurrent deterpenation of
citrus oils has been demonstrated on a continuous basis
using subcritical water.

Reference was made earlier to the use of subcritical
water as a medium for processing lipid materials. His-
torically, subcritical water (not referred to by that
name) has been used in the classical fat splitting pro-
cedures, such as the Twitchell and Colgate-Emery pro-
cesses. The temperatures employed for the splitting of
fats is quite high due to the need to assure miscibility of
the fat with the hot subcritical water. Under these
conditions, a pressure head is applied to the water to
keep it in its liquid state, i.e., subcritical state, between
its normally atmospheric boiling point and its critical
temperature. We have exploited these properties re-
cently for conducting the hydrolysis of model lipid
compounds and vegetable oils in subcritical water be-
tween 250-340 °C without the aid of a catalyst. Using
a flow reactor consisting of 316—stainless steel, rapid
hydrolysis rates and high conversion of soybean oil to
fatty acids have been achieved. Fatty acid yields ex-
ceeding 98% have been achieved in 10-15 min at
340 °C and 13 MPa, using water-to-oil ratios of
5-2.5:1. Under these conditions, the water/lipid mix-
ture is in one phase, as detected with the aid of high-
pressure flow sight glass.

GC-FAME analyses were performed on a number
of the resultant fatty acid mixtures to see if any chemi-
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cal decomposition or conversion had occurred on these
moieties at these temperatures. Both saturated and un-
saturated fatty acids remain relatively unaffected be-
low 300 °C, although linolenic acid was slightly al-
tered and converted from its original cis,cis,cis isomer
form. Extreme temperatures, such as 375 °C, close to
the critical temperature of water, produced a dark
brown mixture. GC-FAME ester analysis of the oil
revealed the presence of severe decomposition and/or
polymerization of the constituent fatty acids.

5. Integrated supercritical fluid-based processing

As remarked in the introduction to this review, the
coupling of discrete unit processes such as SFE, frac-
tionation (SFF), or SFR in various combinations with a
matrix of extraction fluids, offer a number of unique
processing options that can yield unique products as
shown below by combining the following:

different processes
+

use of multiple fluids

+

sequencing of different processes
+
utilizing different experimental conditions and phases

i

multiple extracts/products

A more detailed example of the above coupled-
processing concept is shown below for the case of
processing citrus oils using pressurized fluids. Here the
individual processes are listed followed by combina-
tions that can be used to extract or modify the starting
citrus/essential oil:

Processes:

(1) SFE (SC-CO,)

(2) SFF (SC-CO,) — pressure reduction

(3) SFF (SC-CO,) — column deterpenation

(4) SFC (SC-CO,/cosolvent)

(5) SFF — (subcritical H,O deterpenation)

(6) SEM - (aqueous extract/SC—CO,)in combina-
tion yields,

Combinations: (1) + (2)

MH+2)+0G)

M+

MH+O)

(D +(5) +(6)

Here six discrete unit processes are listed which
include conventional SFE with SC-CO,, SFF employ-
ing stage-wise pressure reduction, SFF using fraction-
ation column-based deterpenation (3), supercritical
fluid chromatography (SFC), an additional variant of
SFF called subcritical water deterpenation (4), and
utilization of a SC-CO, or LCO, with a permselective
membrane. For example, a combination of processes
(1) and (2) listed below could be combined to yield a
more specific extract composition. Unit process (1) if
conducted by sequentially increasing the extraction
density when coupled with a sequence of let down
pressures (unit process 2) can amplify the SFF effect.
Likewise, by combining unit process (1) using SC-CO,
followed by application of unit process (2) that utilizes
subcritical H,O to deterpenate the extract from unit
process (1), will yield a more specific final product
from the starting citrus oil. To obtain a more enriched
and/or concentrated product from the latter process,
one could add on unit process (6), a supercritical fluid
membrane-based separation of the aqueous extract/
fractions from unit process (5).

To further illustrate the advantage of coupling critical
fluid-based processes for isolating and purifying natural
products, we cite our results for obtaining enriched-
phospholipid (PL) extracts and fractions starting from
seed oil sources, such as soybean [30]. As shown below,
comminuted soybeans can be initially extracted with
either hexane or SC-CO,, and then countercurrently
contacted with SC-CO, in a packed fractionating tower
to yield a degummed vegetable oil (VO) while isolat-
ing a very enriched lecithin (PL) fraction:

hexane or SC-CO, extraction of VO
1
SC-CO, degumming of VO
!

Lecithin isolation

!
SFC Fractionation of PLs with SC-CO,/cosolvents



658 J.W. King / C. R. Chimie 7 (2004) 647-659

The lecithin fraction can than be further fractionated
by applying preparative SFC in which a stepwise gra-
dient program facilitates isolation of PLs, such as
phosphatidylcholine (PC) or phosphatidylethanol
amine at 75% purity levels. Taylor et al. [15] have
demonstrated the efficacy of the above process for both
enriched lecithin fractions as well as starting from
soybeans. It is interesting to note that several SC-CO,
processed PL extracts are available today as commer-
cial products.

A method has also been developed which permits
the production of fish oil esters using the following
sequence of steps:

fish oil
l
esterification of oil
!
SFE ( SC-CO,)

1
SFC (SC-CO,)

This process has been practiced at a plant located in
Tarragona, Spain where fish stocks from European
waters have been chemically-esterified to their ethyl
esters before applying a preliminary SFE step to enrich
the polyunsaturated fatty acid (PUFAs) ester fraction.
Large-scale production SFC is then applied to enrich
the various omega fish oil ester fractions using chemi-
cally bonded silica-based packings, yielding a com-
mercial PUFA product of 95% purity. This is an excel-
lent example of a combined SFE-SFC process. It is
worth noting that the above chemical esterification
could have been conducted in the presence of SC-CO,
to form the desired ester [22], and thereby creating a
SFR-SFE-SFC coupled processing scheme.

As previously noted, hydrogenation of oils and lip-
ids can also be achieved under supercritical fluid con-
ditions, i.e., conditions in which the oil or lipid is
dissolved in a binary fluid mixture consisting of H, +
SC-CO, or H, + SC-propane. Harrod and coworkers at
Goteborg University (Sweden) [31] have shown that
very high yields can be achieved in hydrogenating oils
or oleochemicals at high space velocities through
catalytically-active, packed bed reactors. We have
taken their approach one step further by combining a
transesterification reaction with a hydrogenation reac-

‘Haskel gas booster
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W=t
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Fig. 10. Two-step reaction system for converting vegetable oils to
fatty alcohol mixtures.

tion using packed bed reactors coupled consecutively,
using either SC-CO, or SC-C;Hg as a reaction and
transport medium. Transesterification conditions simi-
lar to those quoted previously have been used to pro-
duce the resultant FAME distribution expected from
soybean oil. These FAMEs are then introduced into
either a SC-CO, or SC-C;Hg stream with a varying
molar concentration of H, in order to conduct exhaus-
tive hydrogenation of the FAMEs to fatty alcohols.
Fig. 10 shows the binary reactor system in which a
coupling of enzymatic-initiated conversion to FAMES
with exhaustive hydrogenation of the FAMES to fatty
alcohols is accomplished. A maximum yield of fatty
alcohols (C,4 + C,¢ saturated alcohols from soybean
oil) is attained at 250 °C and 25 mol% H, using a
non-Cr-containing catalyst. Equivalent yields can be
achieved using less H, in SC-C;Hg or by employing
Cr-based catalysts and/or lower reaction temperatures.
Gas chromatographic (GC) analysis of the hydroge-
nated products along with supercritical fluid chroma-
tography (SFC) verified that the transesterification and
hydrogenation processes were completed. This is an
excellent example of how a two-step synthesis process
can be conducted in supercritical fluid media, that is
environmentally-benign by permitting reuse of the
critical fluid media as well as the reaction by-product
from the hydrogenation step, methanol.

6. Conclusions

In this brief review, we have attempted to document
some of the current trends in critical fluid technology
as applied to the processing of natural products and
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agriculturally derived feedstocks. The use of critical
fluid media from various regions of the phase diagram
is becoming more prevalent as illustrated by the use of
SC-CO,, LCO,, subcritical water and selected cosol-
vents that are compatible with the environment and end
use in functional foods. Although simplistic, the author
has reason to believe that many natural product extrac-
tions and separation problems can be solved by the
combination of carbon dioxide, ethanol, and water; an
all-green trio of solvents. Supercritical processing is
also beginning to merge with high pressure hydrostatic
processing [32] as the prophylactic benefits of a re-
sidual CO, atmosphere in SFE-derived products has
been documented [33]. Undoubtedly the coupling of
membrane technologies with critical fluid media will
see application in the near future.
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